Calmodulin stimulated the rate of Mg2+-induced polymerization of human platelet actin. The stimulatory effect was due to an increase in the nucleation phase of the reaction; there was no effect on the steady-state viscosity. The calmodulin antagonist trifluoperazine blocked the stimulatory effect of calmodulin. Addition of EGTA to the reaction mixture also stimulated the rate of actin polymerization; however, the effect of calmodulin on actin polymerization is not due to Ca2+ chelation, as is presumed to be the case for EGTA. Electron microscopy revealed structural differences in the filaments prepared in the presence of calmodulin as compared to those prepared with trifluoperazine. In the presence of calmodulin, the filaments were thicker, suggesting that they consisted of multiple actin polymers. In addition, numerous projections were present perpendicular to the filaments, as well as localized areas of filament bundling. It was not possible to demonstrate a direct interaction between calmodulin and actin, which raises the possibility that the calmodulin effect may be indirect through a calmodulin-binding protein or calmodulin-dependent enzyme. Regardless of whether calmodulin is acting directly or indirectly, these results provide evidence that calmodulin may play a regulatory role in either the polymerization of actin or in determining the structural characteristics of actin filaments.
Blood platelets, when activated by agents such as thrombin, ADP, or collagen, undergo a complex series of biochemical reactions resulting in the platelet reaction sequence and hemostasis (1) . Many of these biochemical reactions are triggered by an increase in the intraplatelet concentration of free calcium (2, 3) . Calmodulin, one of the primary Ca2l-receptor proteins in the platelet (4) (5) (6) , is converted into an active conformation upon binding Ca2+ (7, 8) ; the Ca2+-calmodulin complex activates at least three platelet enzymes-myosin light chain kinase (9) , phosphorylase kinase (10) , and a calmodulin-dependent phosphatase (11) -all of which may play important roles in the platelet reaction sequence. In addition, a number of other calmodulin-binding proteins have been identified in the platelet that may be additional calmodulin-regulated enzymes or structural proteins (12) (13) (14) .
The contractile protein actin is present in nonmuscle cells in equilibrium between its monomeric form, G-actin, and its polymerized form, F-actin (15) . In nonactivated platelets, 40o-50% of the actin is present as G-actin (16) ; upon platelet activation, this distribution changes to approximately 20% G-actin and 80% F-actin (17, 18) . In addition, when platelets are activated, the F-actin undergoes a structural reorganization, possibly through the introduction of crosslinks between actin filaments to form a microfilament network (16) . The result is an increased number of microfilaments and a more highly ordered cytoskeleton. Although the regulatory mechanisms that control the equilibrium between G-and F-actin are poorly understood, a number of proteins have been identified that interact with either G-or F-actin and are thought to be important in controlling their interconversion (19, 20) . Several of these actin-binding proteins are also calmodulin-binding proteins (21) (22) (23) (24) (25) , and immunocytochemical studies have shown that calmodulin may be associated with microfilaments in intact cells (26) .
Do the increase in free Ca2+ upon platelet activation and the concomitant activation of calmodulin play a role in the conversion of G-actin to F-actin or in the structural reorganization of the actin filaments? The results presented in this communication indicate that under in vitro conditions calmodulin accelerates the rate of Mg2+-induced actin polymerization. Moreover, electron microscopy revealed a difference in structure between filaments formed in the presence and absence of either calmodulin or trifluoperazine. These observations provide direct evidence that calmodulin may play an important role in controlling actin polymerization or in determining the structural characteristics of the resulting actin filaments.
MATERIALS AND METHODS Chemicals. Tris buffer, ATP, imidazole, calcium chloride, EGTA, and chlorpromazine were purchased from Sigma. Trifluoperazine was a gift from Smith-Kline Laboratories. Bovine brain calmodulin was prepared by affinity chromatography on columns of fluphenazine-Sepharose as described (27) . Porcine brain calmodulin was prepared by a modification of the procedure of Lin et al. (28) ; two cycles of chromatography on a column of Sephadex G-100 (2.5 x 95 cm) were substituted for preparative electrophoresis.
Platelets. Recently outdated (72 hr) human blood platelets were obtained from The American Red Cross Regional Blood Bank in Birmingham, Alabama. The platelets were isolated and washed in a Tris citrate buffer (75 mM Tris HCl/12 mM citrate/100 mM KCl, pH 6.4) by standard procedures (29) .
Actin Preparation and Polymerization. Platelet G-Actin was routinely prepared from 60 units of human blood platelets according to the procedure of Gordon et al. (30) . The purity of the actin was monitored by NaDodSO4/ polyacrylamide gel electrophoresis (31) . G-actin was stored on ice in buffer G (3 mM imidazole/0.1 mM CaCl2/0.5 mM ATP/0.75 mM 2-mercaptoethanol, pH 7.5) containing 0.02% NaN3 and was used within 4 days. To monitor actin polymerization, reaction mixtures (0.625 ml) containing actin (20 ,M) and various concentrations of calmodulin, trifluoperazine, EGTA, and CaCl2 were prepared in buffer G/0.02% NaN3 and incubated on ice for 5 min. To initiate the reaction an aliquot (10 ,ul) of MgCl2 was added to provide *To whom correspondence and reprint requests should be addressed.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. on a carbon-coated grid for 15 min; excess solution was removed by carefully touching the edge of the grid to a piece of absorbent paper. The actin filaments were negatively stained using 1% uranyl acetate according to the procedure described by Huxley (32) .
Protein Determination. Concentrations of calmodulin and actin were determined spectrophotometrically at 276 and 290 nm, respectively, using an extinction coefficient of e, 1%, 276 nm = 1.8 for calmodulin (33) and e, 1%, 290 nm = 6.17 for actin (30) . Absorbance at 290 nm was used to determine actin concentrations because of the high absorbance of ATP at 280 nm; ATP must be present to maintain actin in a nondenatured state.
actin could be detected when the gel was heavily overloaded with protein (60 ug) and stained with Coomassie brilliant blue (Fig. LA) . The contaminating proteins were more apparent after the gel had been silver-stained (Fig. 1B) . When less protein (10 jig) was loaded on a gel, so that the actin protein band was not overloaded, none of the contaminating proteins could be detected on the Coomassie brilliant bluestained gel (data not shown).
The rate of actin polymerization was monitored by viscometry, as shown in Fig. 2 . In Fig. 2A , the lower curve represents a characteristic polymerization curve for platelet actin, consisting of an initial slow nonlinear lag phase, followed by a more rapid linear phase that leveled off as equilibrium was approached. This reaction curve can be resolved into at least two stages, nucleation and elongation (15) . Nucleation is the rate-limiting step and involves the interaction of a sufficient number of actin monomers to form stable nuclei for further polymerization; it is detected as the initial slow and nonlinear lag phase of the viscosity curve. Once stable nuclei are formed, additional actin monomers are rapidly added to both ends of the filaments. This is the elongation phase of the reaction and is represented by the linear portion of the viscosity curve.
Addition of calmodulin to the reaction mixture stimulated the rate of actin polymerization, as shown in Fig. 2A . The greatest stimulation observed was with a calmodulin level stoichiometric with actin (20 PLM). However, a significant stimulatory effect was observed at a much lower calmodulin RESULTS Human platelet actin was prepared by a procedure involving DEAE-cellulose chromatography, one cycle of polymerization-depolymerization, and chromatography on Sephacryl S-200. Fig. 1 concentration (0.1 gM), which corresponds to a calmodulin to actin ratio of 1:200. Calmodulin did not alter the maximum specific viscosity of the reaction mixture at equilibrium; however, it did change the shape of the curve. The initial lag period observed in the absence of calmodulin was decreased upon addition of 0.1 gM calmodulin; at higher concentrations of calmodulin, the lag period was completely abolished, and the polymerization curve was linear. The decreased lag period in the presence of calmodulin suggests that calmodulin accelerates the polymerization reaction by increasing the rate of nucleation.
Since calmodulin increased the rate of actin polymerization, calmodulin antagonists should inhibit this stimulatory effect. Fig. 2B shows that 100 ,uM trifluoperazine blocked the stimulatory effect of calmodulin and decreased the rate of actin polymerization to a level less than that observed in the control reaction-i.e., with no addition of calmodulin or trifluoperazine. In addition, trifluoperazine reduced the rate of polymerization even when calmodulin was not added to the reaction mixture. It was not surprising that trifluoperazine blocked the stimulation of actin polymerization by calmodulin. It was unclear, however, why the drug reduced the rate of actin polymerization to a level lower than that of the control curve, or why the rate was reduced when calmodulin was not added to the reaction mixture. One possibility is that trifluoperazine at the concentration used in Fig. 2 (100 AxM) may interact directly with actin. Although 75-100 ,uM trifluoperazine was necessary to obtain maximum inhibition, concentrations as low as 10-25 jxM could partially block calmodulin stimulation of the polymerization reaction (data not shown). In addition, the naphthalenesulfonamide derivative, W-13, which is also a potent calmodulin antagonist (35) , had the same effects as trifluoperazine. Its structural analog, W-12, which has poor anticalmodulin activity, had no effect on the rate of actin polymerization in either the presence or absence of calmodulin (data not shown). These results suggest the alternative explanation that small quantities of platelet calmodulin may copurify with actin; inhibition of this endogenous calmodulin by trifluoperazine and W-13 could account for the inhibitory effect of these compounds on actin polymerization observed in the absence of exogenous calmodulin.
To determine whether our purified actin contained endogenous calmodulin, three different actin preparations were assayed for calmodulin (36) , which was found to be present at concentrations of 1.01, 0.34, and 0.33 ,ug per mg of protein. These results are consistent with the explanation that inhibition of actin polymerization by trifluoperazine is due to the inhibition of not only the exogenous calmodulin but also the endogenous platelet calmodulin that copurified with the actin. However, we cannot rule out the possibility that the drug may also interact directly with actin.
In an attempt to determine whether the stimulatory effect of calmodulin on actin polymerization is Ca2' dependent, reaction mixtures were prepared that contained EGTA in excess of the Ca2+ present in buffer G, and the rate of actin polymerization was determined in both the presence and absence of calmodulin. Fig. 2C shows that addition of EGTA to the reaction mixture increased the rate of actin polymerization even in the absence of calmodulin. The rate of polymerization was not further increased upon addition of calmodulin. However, this experiment cannot determine whether the stimulatory effect of calmodulin is Ca2' dependent; the stimulation by EGTA would mask any stimulation by calmodulin that may occur in the absence of Ca2 .
Stimulation of actin polymerization by EGTA has been
observed by other investigators (37, 38 Fig. 2D shows that instead of a decrease, there was a slight increase in the rate of polymerization when the additional Ca2+ was added to the reaction mixture. Thus, calmodulin does not stimulate actin polymerization by acting as a Ca2+-chelating reagent.
The effect of calmodulin and calmodulin antagonists on the structure of platelet actin filaments was examined by electron microscopy. Fig. 3 shows that there are clear differences in the structure of the actin filaments polymerized in either the presence of trifluoperazine, the presence of calmodulin, or the absence of either exogenous calmodulin or trifluoperazine. In the presence of trifluoperazine (Fig.  3A) , the filaments are smooth and extensive in length, and filament ends are noticeably absent. The filaments look similar to those that are observed when skeletal muscle is used as a source of actin (32) . In contrast, the filaments polymerized in the presence of exogenous calmodulin (Fig.  3B ) have a different appearance; they appear to be shorter, with the presence of several very short filaments and numerous filament ends. In addition, the filaments polymerized in the presence of calmodulin have a greater diameter. Filaments prepared with trifluoperazine are approximately 6-8 nm in diameter, which is the expected diameter for a single actin polymer. Those prepared with calmodulin, however, have a diameter of [15] [16] [17] [18] [19] [20] The actin filaments shown in Fig. 3C were polymerized in the absence of either trifluoperazine or exogenous calmodulin. They have an appearance intermediate between the filaments in Fig. 3 A and B ; filament ends are clearly present, some of the filaments have a diameter greater than those in Fig. 3A , and projections extend from the filaments. However, neither the filament ends nor the filament projections are as abundant as in Fig. 3B . Moreover, the areas containing bundles of filament projections, indicated by the arrows, are not as abundant as in Fig. 3B , nor do they contain as many projections.
DISCUSSION
We have shown that under in vitro conditions, calmodulin accelerates the rate of polymerization of platelet actin and promotes structural changes in actin filaments. Evidence from other investigators has indicated that calmodulin may be an important component of the microfilament portion of the cellular cytoskeleton: myosin light chain kinase, a calmodulin-depdndent enzyme, regulates the actomyosin ATPase (9) ; calmodulin has been detected immunocytochemically on microfilaments (26); several actin-binding proteins have been shown to bind calmodulin (21) (22) (23) (24) , and a Mr 110,000 calmodulin..binding protein as well as calmodulin have been identified as two of the four major proteins in the microfilament core of the intestinal microvillus (39, 40) . The data presented in this communication, however, are direct evidence that calmbdulin may play a regulatory role in either the polymerization of actin or in the determination of the structural characteristics of the microfilament network.
It was not possible to determine whether the effects of calmodulin on actin polymerization were calcium dependent. The Ca2+ requirement for a calmodulin-dependent reaction is usually demonstrated using EGTA as a Ca2+-chelating agent; however, this was not possible in our system because of the interfering effect of EGTA on the polymerization reaction; We did not feel that it was feasible to attempt this experiment without using a Ca2+-chelating reagent; even if Ca"+ is carefully removed from the actin and the buffer system, contaminating Ca2' from the glass viscometer should be sufficient to activate calmodulin. Although the question of Ca2+ dependency of the calmodtilin effect is important, it may be necessary to answer this question using indirect approaches that are beyond the scope of the present study. (39, 40) . Actin is a highly conserved protein; if calmodulin is directly binding to actin, we would expect the same effect on the rate of polymerization using either skeletal muscle or platelet-actin. However, we found that calmodulin had no effect on the rate of polymerization or on the structural characteristics of skeletal muscle actin (unpublished observations). Thus, a more plausible explanation is that calmodulin may act indirectly through a platelet actin-binding protein or an enzyme that affects the polymerization reaction. As indicated above, some actin-binding proteins are known to bind calmodulin. In addition, Fig. 1 shows that the platelet actin preparations contained small amounts of proteins other than actin. Finally, since the effect of calmodulin appears to be on the nucleation reaction, which involves only a small fraction of the total actin, it would only take a small amount of a calmodulin-sensitive nucleating protein to have a marked effect on the rate of polymerization.
Small amounts of calmodulin copurified with platelet actin. Although a significant degree of stimulation was achieved upon addition of 0.1 ,uM calmodulin to the polymerization reaction, much higher concentrations are required to obtain the maximum response. These higher levels of calmodulin are within the physiological level of calmodulin in the platelet, which has been estimated to be 30 AtM (43) . However, if a calmodulin-binding protein or calmodulin-dependent enzyme is involved in the sensitivity of actin to calmodulin, increasing its concentration in the reaction mixture would result in a system mUch more sensitive to calmodulin. It should be noted that such a situation has been shown to exist for calmodulin-induced depolymerization of microtubules (44) .
The large amount of calmodulin needed to give the maximum rate of polymerization caused us to consider the possibility that an impurity in the calmodulin preparations may be responsible for the effects on actin. Calmodulin used for this study was homogeneous by NaDodSO4 gel electrophoresis even after silver staining the gel. Moreover, we used two different tissue sources and preparation procedures to obtain the calmodulin used in this study. Porcine brain calmodulin was prepared by a traditional procedure involving heat treatment and multiple steps of ion exchange and gel filtration chromatography. Bovine brain calmodulin was prepared by, affinity chromatography on a column of fluphenazine-Sepharose. The results shown in Fig. 2 could be obtained by using both preparations of calmodulin. Although we cannot rule out the possibility that impurities are present in the calmodulih at a level that is nondetectable on a silver-stained gel, it is unlikely that the two different calmodulin preparations would contain the same impurities, because totally different principles were used in their preparation.
Actin filaments prepared in the presence of calmodulin were strikingly different in structure from those prepared in the presence of the caltnodulin antagonist trifluoperazine.
Most apparent were the bundles of filaments present when calmodulin was added to the reaction mixture, in contrast to the smooth filaments obtained with trifluoperazine. In the absence of both exogenous calmodulin and trifluoperazine, the filaments had structural characteristics similar to those prepared with calmodulin. The endogenous calmodulin that copurified with the platelet actin most likely accounts for the structural similarities. It should be noted that the platelet actin filaments obtained with trifluoperazine are essentially identical in appearance to those obtained when skeletal muscle is used as a source of actin (32) .
Although all of the results presented in this communication have been obtained under in vitro conditions, there is a close parallel between the effect of calmodulin on actin polymerization and structure and what is known concerning the in vivo changes in actin filaments upon platelet activation. When platelets are activated there is an increase in intraplatelet Ca2+, a rapid polymerization of G-actin to form F-actin filaments, and a reorganization of the microfilaments, which probably involves the crosslinking and bundling of actin filaments. The data presented in this paper suggest that calmodulin may be a molecular link connecting the increase in intraplatelet Ca2+ and the formation of the microfilament network.
Note Added in Proof. After this manuscript was submitted for publication Yoshida and Kimura (45) reported that calmodulin is associated with the actin filament portion of the platelet cytoskeleton.
